Many protocols in methylation studies utilize one primer set to generate a PCR product from bisulfite modified template regardless of its methylation status (methylation independent amplification MIP). However, proportional amplification of methylated and unmethylated alleles is hard to achieve due to PCR bias favoring amplification of unmethylated relatively GC poor sequence. Two primer design systems have been proposed to overcome PCR bias in methylation independent amplifications. The first advises against including any CpG dinucleoteides into the primer sequence (CpG-free primers) and the second, recently published by us, is based on inclusion of a limited number of CpG sites into the primer sequence. Here we used the Methylation Sensitive High Resolution Melting (MS-HRM) technology to investigate the ability of primers designed according to both of the above mentioned primer design systems to proportionally amplify methylated and unmethylated templates. Ten "CpG-free" primer pairs and twenty primers containing limited number of CpGs were tested. In reconstruction experiments the "CpG-free" primers showed primer specific sensitivity and allowed us to detect methylation levels in the range from 5 to 50%. Whereas while using primers containing limited number of CpG sites we were able to consistently detect 1-0.1% methylation levels and effectively control PCR amplification bias. In conclusion, the primers with limited number of CpG sites are able to effectively reverse PCR bias and therefore detect methylated templates with significantly higher sensitivity than CpG free primers.
The ability of sodiumbisulfite to selectively deaminate cytosines under conditions where 5-methylcytosines remain intact allowed the introduction of PCR amplification into methylation studies. PCR products derived from bisulfite modified DNA have different sequences depending on the methylation status of the template subjected to bisulfite treatment. The origin of the PCR product and hence the methylation status of the locus of interest can be determined by post PCR analyses of amplification products.
Direct sequencing was one of the first post-PCR methods applied to the investigation of the methylation status of the locus of interest. 1 Bisulfite sequencing allows the investigation of the methylation status of each CpG dinuclotide within the analyzed region of interest and therefore is considered as a gold standard technique in methylation studies. Nevertheless, the costs and labor intensiveness of this method has prompted the development of other approaches that allow for efficient screening of large number of the samples.
Methods based on melting curve analyses 2 and more recently High Resolution Melting (HRM), 3 DHPLC, 4 restriction digestion (COBRA) 5, 6 or single strand conformation analyses 7 are examples of technologies, which allow for high throughput and cost efficient analyses of a large number of samples. However, while sequencing reveal the methylation status of single cytosines, the majority of other techniques determine the overall methylation status of the amplicon.
All above techniques rely on PCR amplification with only one primer set that simultaneously generates PCR products from both methylated and unmethylated bisulfite modified templates. After exposure to bisulfite the methylated variant of the allele with preserved cytosines at 5-methylcytosines sites has higher GC content than the unmethylated one. The templates with different GC content tend to amplify with different efficiencies during PCR. The preferential amplification of one of the templates is referred to as "PCR bias." The PCR bias in methylation studies has long been recognized and shown to be directed towards the unmethylated (GC-poor) allele. 8, 9 Over-amplification of the unmethylated allele may mask the presence of methylated allele during post-PCR analyses and therefore compromise the sensitivity and specificity of the methylation screening method.
Many shown to improve amplification of the methylated allele, nevertheless, the data in the literature are contradicting. 8, 10 Guidelines for design of methylation independent primers (MIP), which allow for proportional amplification of methylated and unmethylated templates have been proposed by Clark et al. 1 These guidelines advise the avoidance of CpG sites in the primer sequence and if impossible to do so, a C from a CpG dinuclotide should be mismatchd with a T to ensure an unbiased amplification.
We selected ten primer pairs from the literature (Table 1 ) designed to bind to CpG free sequences. [10] [11] [12] [13] [14] The primers were previously used for methylation independent amplifications for different experimental protocols. For each primer set we aimed to evaluate the extent of PCR bias as well as the influence of the annealing temperature on the efficiencies of the amplification of both methylated and unmethylated alleles. As a testing system, developed by us the Methylation Sensitive High Resolution Melting protocol (MS-HRM) has been chosen. 15 MS-HRM combines PCR amplification using methylation independent primes with subsequent HRM analyses of the PCR products. The PCR product generated from methylated (bisulfite modified) template has a relatively higher GC content and therefore higher melting temperature than PCR product generated from unmethylated (GC-poor) variant of the same template. The HRM analyses allow for highly sensitive monitoring of the melting temperature of PCR product and hence distinction methylated and unmethylated PCR products.
To visualize preferential amplification of the methylated or unmethylated alleles, the analyses were performed on the mixes of methylated (Millipore, CpGenome TM Universal Methylated DNA) in unmethylated (Peripheral blood DNA or Millipore, CpGenome TM Universal Unmethylated DNA) bisulfite modified templates. The mixes ranged from 0.1% methylated template in unmethylated background, through 1, 5, 10, 50 to 100% unmethylated template. The EpiTect Bisulfite Kit (Qiagen) was used to bisulfite modify 200 ng of template DNA. The LighCycler ® 480 platform (Roche) was used for both PCR amplifications and the subsequent HRM analyses. The PCR mixes consisted of MGMT assay 1 (14)
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Ticks indicate that PCR product has been generated at respected dilution point, "+/-" indicates that PCR product was obtained but without 100% reproducibility. For primers containing CpG sites 5 examples are shown in the bottom of the table. Further examples of the primers tested can be found in refs. 15-17, and are available on request.
did not have a significant influence on the sensitivity of the primers (Figure 1 , parts A1-3 and Suppl. Data Figure 1) .
Recently we proposed a new primer design system, based on the principle of inclusion of a limited number of CpG sites in to the primer sequence. 16 Annealing of the primers containing a limited number of the CpGs to the bisulfite modified template is temperature dependent. At low temperatures, primers bind both methylated and unmethylated templates allowing for amplification of both alleles with PCR bias. However, at higher temperature the primers preferentially anneal to the methylated template allowing for the reversal of the PCR bias.
We have designed a panel of 20 assays according to our new primer design rules and tested their ability to reverse PCR bias.
The experimental settings were the same as used in the tests of the primers designed according to Clark et al. 1 Each of our primer sets at relatively low annealing temperatures showed different amplification efficiencies for methylated and unmethylated variant of the template (Figure 1 , parts B1-3 and Suppl. Data Figure 2 ). 1x LightCycler ® 480 HRM Master Mix (Roche), 3 mM Mg +2 , 250 nM of each primer and 6 ng of template. All the PCR amplification and HRM melting were run in triplicates and repeated at least once.
The results of our experiments showed that each of the primer sets chosen from the literature could detect the methylated sequence with different sensitivity (Figure 1 , parts A1-3, Table 1 and Supplementary Data Figure 1) . Half of the primers (5 out of 10) were only able to reproducibly detect 5% methylation levels. Three of the primer sets generated only detectable PCR product from the mixes containing 50% of methylated template and two allowed for reproducible detection of 10% methylation levels Table  1 . We anticipated that the difference in the sensitivity of the primers was attributed to the PCR bias occurring during amplification and favoring amplification of the unmethylated template. The significant differences in the sensitivity of the primers also suggest that the PCR bias is not only GC content dependent but also sequence specific. Increasing the annealing temperature of the amplifications Figure 1 . MS-HRM scans obtained after melting of the PCR products amplified using CpG free primers. The Gene Scanning software was used to analyze the data. The melting curves represent the melting of PCR product obtained from amplification of mixes: black-0%, brown-0.1%, yellow-1%, blue-5%, pink-10%, green-50%, red-100% of methylated template in unmethylated background. In ( being considered for use in clinical settings and PCR bias when underestimated may significantly compromise both the sensitivity and the specificity of the protocol.
However, with the increase of the annealing temperature the sensitivity of the primers increased significantly (Figure 1 , parts B1-3 and Suppl. Data Figure 2) . Overall, by tuning the annealing temperature for each of the primer sets from our new panel we were able to detect the methylation levels of 1-0.1% with most of the primers allowing for reproducible detection of 0.1% methylation levels (Figure 1 , parts B1-3, Table 1 and Suppl. Data Figure 2 ). The same pattern of annealing temperature dependent efficiency of amplification of methylated/unmethylated allele was observed for all of the primer sets.
It is important to notice that the observed sensitivity of our primers was the same for each primer set regardless of the amplified sequence and is similar to the sensitivity levels of Methylation Specific PCR. 17 The comparison of two different primer design systems showed that the primers designed according to our newly proposed guidelines allow for correction of PCR bias in amplification where one primer set amplifies both the methylated and unmethylated template. Despite the fact that it is impossible, to design two primer sets (with and without CpGs) targeting the same sequence and directly compare performance of the primers. Our strategy based on comparison of patterns of overall behavior of primers with and without CpGs showed clearly that primers with limited number of CpGs allow for highly sensitive detection of methylated template in unmethylated background.
We hypothesize that the main difference between our and previously reported primer design with regard to the ability to reverse PCR bias depends on the fact that primers without CpGs as opposed to primers containing CpGs can not selectively bind to methylated or unmethylated alleles. The CpG-free primers always bind with the same efficiency to both methylated and unmethylated templates and therefore cannot correct for PCR bias that seems to occur during the DNA elongation step of the PCR. The primers containing a limited number of CpG sites bind to methylated and unmethylated templates with different efficiencies and the binding efficiency is annealing temperature dependent. At low annealing temperature the primers bind, both methylated and unmethylated templates equally, but with an increase of the temperature, the primers anneal more efficiently (perfect matching) to methylated template allowing for its preferential amplification. Hence, at a certain primer specific annealing temperature the preferential binding of the primers to the methylated sequence corrects for PCR amplification bias. 3, 9, 15 With the increasing awareness of the significance and power of methylation changes not only in development of the disease but also in clinical diagnostic and treatment, reliable and robust methodologies are critical for the progress in the field. The superior sensitivity of the assay is of high importance for the applications aiming to detect methylated biomarkers in environment where the concentration of the biomarker is very low e.g., detection circulating tumor DNA in plasma samples.
The above findings illustrate the significance of careful evaluation of the sensitivity of each PCR primer set used in the methodologies based on methylation independent amplifications. Careful evaluation is especially important when the method is
